Electrochemical deposition and dissolution of magnesium (Mg) has been examined in triethylene glycol dimethyl ether (triglyme, G3) dissolving magnesium bis(triflouromethanesulfonyl)amide, Mg(TFSA) 2 . The voltammetric current responses at platinum (Pt) electrode in the G3-based electrolytes revealed that the Mg deposition/dissolution process depends on the Mg species in the solution phase. The addition of alkoxides, Mg(OC n H 2n+1 ) 2 , was effective on the reversibility of the process in Mg(TFSA) 2 /G3. Higher anodic current corresponding to the electrochemical dissolution was observed in the electrolyte solution containing Mg(OC 2 H 5 ) 2 as the additive. The morphology of the Mg deposition at the Pt substrate also depended on the additive Mg-alkoxides. The resulting Mg(TFSA) 2 /G3 solutions containing Mg-alkoxides were found to be a possible electrolyte system for rechargeable Mg battery operating at ambient temperature.
Introduction
Rechargeable magnesium (Mg) battery has widely attracted much attention as a possible candidate of so-called next generation batteries because of the merits on high volumetric capacity (3832 Ah L -1 ), high specific capacity (2230 Ah kg -1 ), low electrode potential (-2.356 V vs. SHE) of Mg metal as the negative electrode, and natural abundance of Mg resources.
One of the key issues to realize a practical rechargeable Mg battery system is the sufficient rechargeability of Mg negative electrode in non-aqueous electrolyte systems. Unlike lithium (Li), Mg does not show good reversibility in non-aqueous electrolyte solutions dissolving such conventional Mg salts as MgCl 2 , Mg(ClO 4 ) 2 and Mg(CF 3 SO 3 ) 2 , due to the formation of passivating layers on Mg surface [1] [2] [3] .
Up to the present, it has been considered that the promising electrolyte systems should consist of tetrahydrofuran (THF) as solvent and organo-metal complexes as Mg sources for rechargeable Mg electrode [3] [4] [5] [6] . The THF-based solution shows excellent cyclability, but THF has some drawbacks such as narrow electrochemical window (less electrochemical stability), corrosive nature to metal substrate and high volatility, and therefore, alternative organic solvents are still required to construct more stable and reliable electrolyte systems for rechargeable Mg batteries.
Recently, oligo(ethylene glycol) dimethyl ethers, so called glyme family, have been proposed for Li-ion battery system. In general, glymes consisting of oligo(ethylene oxide) units, -(CH 2 CH 2 O) n -, can interact with alkali metal cations of Li + , Na +, etc. to form complexes in solution phases [7] . Watanabe et al. have reported the chemical structures of the complexes of Li salt in tetraglyme (G4) and pentaglyme (G5) by X-ray analysis and Raman spectroscopy [8] . They also proved that the glyme-based complexes can serve as liquid electrolytes in Li-battery system [7] . Since these glymes show higher boiling points and lower vapor pressure than THF, they are also attractive solvents for Mg batteries. [13, 14] . They found that the addition of Mg-ethoxide, Mg(OC 2 H 5 ) 2 , shows a drastic increase in the coulombic efficiency for Mg deposition and dissolution at elevated temperature at room temperature.
In the present work, we have examined an electrolyte system of Mg(TFSA) 2 dissolved in triglyme (G3: CH 3 O(CH 2 CH 2 O) 3 CH 3 ) whose vapor pressure is much lower than those of THF families. The effects of Mg-alkoxides (Mg(OC n H 2n+1 ) 2 ) addition were investigated for electrochemical deposition and dissolution of Mg in Mg(TFSA) 2 /G3. We used methoxide, Mg(OCH 3 ) 2 , and ethoxide, Mg(OC 2 H 5 ) 2 , as the additive components, and focused on the changes in the voltammetric responses for Mg deposition/dissolution from/to the solutions with and without the additives. Influences of the additives on the morphology of the deposit were also investigated under ambient temperature conditions.
Experimental

Preparation of the electrolyte solution
High purity Mg(TFSA) 2 (< 99.9 %, Morita chemical) was used as the electrolyte salt for Mg deposition/dissolution, which was dried under a vacuum at 120 o C for 48 h and stored in a glove box filled with dry Ar (the dew point < -90 o C) at ambient temperature. The glyme G3 (Alfa Aeser, 99.0 %) was treated to remove dissolved oxygen and water by molecular sieves, until the residual water contents in the solvents to be less than 100 ppm. The Mg salt was dissolved in G3 solvent to make 0.7 mol dm -3 (M) solution, Mg(TFSA) 2 /G3. The alkoxides, Mg(OCH 3 ) 2 and Mg(OC 2 H 5 ) 2 (< 99.3%, Kojundo Chemical), were used as-received for the electrolyte additives. For comparison, solutions using G3 solvent without Mg(TFSA) 2 were also examined, in which DEMETFSA (Kanto Chemical, DEME: N, N-diethyl-N-methyl-N-(2-methoxyethyl)ammonium) was used as the supporting electrolyte.
Electrochemical measurements
The ionic conductivities of electrolyte solutions were measured by ac impedance method 
Results and Discussion
Electrochemical behavior of the additives
The temperature dependence of the ionic conductivities in Mg(TFSA) 2 /G3 electrolyte with or without Mg-alkoxides measured by the ac impedance method is shown in Fig. 1 . The ionic conductivity of Mg(TFSA) 2 /G3 is not significantly changed by the addition of Mg-alkoxides.
In order to understand basic electrochemical behavior of the Mg-alkoxides, CV experiments was carried out using the G3-based solutions without Mg(TFSA). We observed significant difference in the onset potentials for Mg deposition and dissolution (the potentials where the anodic and cathodic currents respectively increase) between curves c and d. Differences in the electrolyte properties, such as ionic species, ionic strength and conductivity, are probably responsible for these differences although their details are still unknown at the present stage. Figure 4 shows SEM images for the deposits obtained from the electrolyte (a) without additives and (b) with 0.14 M Mg(OCH 3 ) 2 . It was confirmed that the both deposits are Mg metal with hexagonal crystalline by XRD measurements. The SEM images also reveal that the deposits consist of spherical particles with micrometer-order sizes. From the solution without additives, the deposit tends to form rather smooth surface spheres (Fig. 4a ). This observation is consistent with that recently reported by other research groups using similar Short communication Submitted to J. Power Sources -7 -glyme-based electrolytes [15, 16] . On the other hand, the deposition from the electrolyte containing Mg(OCH 3 ) 2 gave aggregation of smaller sizes of sphere and flake (Fig. 4b) . The difference in the current response for anodic dissolution given in Fig. 3 would reflect such differences in the surface morphology of the deposit as shown in Fig. 4 . Thus, the addition of alkoxides would control the morphology of the Mg deposition, and hence affect the rate of anodic dissolution in the glyme-based electrolyte solution, although details of the actual mechanism of the additive's function are still unclear. Variations in the ionic structure and physicochemical properties that could influence the electrochemistry of Mg in glyme-based electrolyte systems are now under investigation.
Influences of the additives in the electrolyte solution
Conclusion
We have investigated the electrochemical deposition and dissolution of Mg in triglyme (G3) containing Mg(TFSA) 2 with alkoxides, Mg(OC n H 2n+1 ) 2 , as the additive components.
The process in the Mg(TFSA) 2 /G3 system was enhanced significantly by the alkoxide addition even at ambient temperature (around 298 K). Changes in the surface morphology of the deposit would lead to the shift of the onset potential (decrease in the overpotentials) for both the cathodic deposition and anodic dissolution. The resulting Mg(TFSA) 2 /G3 containing Mg(OC n H 2n+1 ) 2 additives can be used as an electrolyte system that works for reversible Mg metal electrode at ambient temperature. 
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